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This  work  utilizes  poly(amidoamine)  dendrimers  (PAMAM)  as  a  protective  ligand  in  solution  to  produce 
carbon-supported,  Pt-Ru  bimetallic  nanoparticles  for  use  as  methanol  electro-oxidation  catalysts.  UV-vis 
spectra  show  that  after  initial  Pt2+  complexation  with  PAMAM  G40H  dendrimer  in  water,  appropriate 
adjustment  of  solution  pH  permits  subsequent  Ru3+  complexation  without  displacing  Pt2+,  demon¬ 
strating  the  formation  of  an  aqueous,  bimetallic  solution  complex.  Catalysts  (nominally  20  wt%  metals, 
confirmed  by  AA  spectroscopy)  are  produced  by  impregnating  high  surface  area  carbon  black  with 
G40H-(Pt2+)x(Ru3+)y  complex  solution,  drying,  and  activation  in  H2  gas  at  elevated  temperature.  XPS 
results  show  that  activation  in  H2  at  400  °C  removes  virtually  all  of  the  PAMAM  and  reduces  all  of  the  Pt 
and  most  of  the  Ru  to  zero  valence.  TEM  and  XRD  results  show  that  the  use  of  G40H  in  the  recipe  is  crucial 
for  controlling  metal  particle  size,  and  that  the  particles  are  crystalline  with  lattice  parameters  indica¬ 
tive  of  bimetallic  Pt-Ru  alloys.  XRD  data  also  suggest  that  G40H  promotes  greater  Pt-Ru  alloying  when 
Pt:Ru  =  1:1.  Catalytic  activity  for  methanol  oxidation  increases  with  Ru  content  and  is  greatest  for  the 
catalyst  with  1:1  Pt:Ru  ratio.  Per  unit  mass  of  Pt,  the  methanol  oxidation  activity  of  20  wt%  G40H-PtRu/C 
catalyst  is  about  60%  greater  than  that  of  E-Tek’s  commercially  available  20  wt%  PtRu  catalyst. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  have  emerged  as  a  promising 
power  source  for  automotive  and  portable  power  applications.  The 
attractive  aspects  of  DMFCs  include  ease  in  fuel  handling,  relatively 
simple  system  design,  high  efficiency,  and  low  emissions  [1,2]. 
However,  practical  implementation  of  DMFCs  has  been  hindered 
by  the  slow  reaction  kinetics  for  methanol  electro-oxidation  on 
platinum.  Methanol  oxidation  on  Pt  surfaces  involves  several  steps 
including  methanol  adsorption  and  dissociation,  water  adsorption 
and  activation,  and  CO  oxidation  [3  ].  The  slow  reaction  kinetics  may 
be  due  to  strong  adsorption  of  CO  and  HCOO-  intermediates  on  Pt, 
leading  to  a  low  rate  of  site  turnover. 

In  the  search  for  more  active  catalysts,  several  Pt  alloys  have 
been  investigated  extensively  [4,5].  Compared  to  pure  Pt,  Pt-Ru 
alloys  have  higher  activity  for  methanol  electro-oxidation  as  well 
as  reasonable  stability.  Ruthenium  may  lower  the  water  dissoci¬ 
ation  potential,  providing  more  OHads  to  accelerate  CO  oxidation 
(the  bi-functional  effect  [3]);  it  may  also  weaken  CO  adsorp¬ 
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tion  by  altering  the  electronic  structure  of  Pt  (the  ligand  effect 
[6,7]). 

Understanding  the  mechanism  of  Pt-Ru  catalysts  for  methanol 
electro-oxidation  relies  on  characterization  of  their  atom-scale 
structure.  Recent  XAS  [8-10]  and  NMR  [7,11,12]  experiments  have 
yielded  much  insight  about  the  architecture  and  degree  of  alloy¬ 
ing  in  Pt-Ru  nanoparticles.  XAS  results  [8-10]  show  that  Pt-Ru 
nanoparticles  prepared  by  different  methods  have  a  Pt-rich  core 
surrounded  by  a  Ru-rich  shell  containing  considerable  alloyed  Pt. 
NMR  results  [11]  suggest  that  high  catalytic  activity  requires  sur¬ 
face  enrichment  of  metallic  Ru.  In  general,  superior  catalytic  activity 
of  Pt-Ru  for  methanol  electro-oxidation  depends  on  intimate  con¬ 
tact  between  Pt  and  Ru,  promoting  higher  mobility  of  CO  from  Pt 
to  Ru  and  thus  higher  turnover  rate. 

This  structure-performance  correlation  motivates  the  develop¬ 
ment  of  better  routes  for  synthesizing  Pt-Ru  nanoparticles  with 
controlled  atom-scale  architecture.  Conventional  wet  impregna¬ 
tion  and  incipient  wetness  methods  offer  limited  control  over 
nanoparticle  size.  Moreover,  these  methods  may  produce  parti¬ 
cles  with  a  distribution  of  compositions  and  do  not  guarantee 
intimate  contact  between  the  constituent  metals.  Molecular  clus¬ 
ter  compounds  [such  as  [13,14]  PtRu5(CO)i6  and  Pt2Ru4(CO)16] 
provide  better  control  over  stoichiometry  but  only  for  limited 
Pt:Ru  ratio  values.  A  wide  array  of  colloidal  synthesis  routes  have 
also  been  explored  [15-24].  A  comprehensive  review  of  PtRu 
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electrocatalysts  for  fuel  cells  has  been  published  very  recently 
[25]. 

In  this  work,  we  explore  dendrimer-mediated  synthesis  of 
Pt-Ru  catalysts  for  methanol  electro-oxidation.  Poly(amidoamine) 
(PAMAM)  dendrimers  feature  interior  amine  and  amide  groups  that 
can  interact  with  metal  ion  precursors  through  coordination  chem¬ 
istry  or  ligand  exchange  reactions.  This  capability  led  directly  to  the 
use  of  PAMAM  as  a  protecting  ligand  for  the  synthesis  of  PAMAM- 
stabilized  metal  nanoparticles  [26-32]  as  well  as  supported  metal 
catalysts  [33,34].  The  synthesis  begins  with  the  complexation  of 
the  metal  precursor  with  PAMAM  in  aqueous  solution.  Appropriate 
dialysis  procedures  [35]  can  be  used  to  remove  unwanted  chlo¬ 
ride  anions  (from  common  precursors  such  as  I<2PtCl4,  H2PtCl6  and 
RuC13)  that  might  otherwise  lead  to  catalyst  poisoning  [36-38]. 
Finally,  the  PAMAM-metal  complex  is  deposited  onto  a  porous 
catalyst  support  followed  by  reduction  with  H2  gas  at  elevated  tem¬ 
perature.  Alternately,  the  complex  solution  can  be  treated  first  with 
a  reducing  agent  (NaBH4  or  H2  gas),  followed  by  deposition  onto 
the  support. 

We  have  a  thorough  understanding  of  the  complexation  of 
metal  precursors  with  PAMAM,  and  our  colleagues  have  employed 
PAMAM-mediated  synthesis  to  prepare  oxide-supported  Ru  cata¬ 
lysts  [33,34].  Other  groups  have  demonstrated  the  use  of  PAMAM 
to  deliver  metal  complexes  directly  onto  catalyst  supports  [39,40]. 
Building  on  this  knowledge,  this  report  describes  our  use  of 
PAMAM-mediated  synthesis  to  prepare  carbon-supported  Pt-Ru 
bimetallic  catalysts.  We  also  prepared  conventional  wet  impregna¬ 
tion  catalysts,  identical  except  for  their  omission  of  PAMAM  from 
the  recipe.  We  have  characterized  the  physical  properties  of  both 
conventional  and  PAMAM-based  Pt-Ru  catalysts  and  have  evalu¬ 
ated  their  performance  for  methanol  electro-oxidation. 

2.  Experimental  methods 

2.1.  Chemicals  and  materials 

Hydroxyl-terminated  poly(amidoamine)  (PAMAM)  dendrimer 
(generation  4,  denoted  as  G40H,  10wt%  in  methanol),  I<2PtCl4 
(99.99%),  and  RuC13zH20  (99.98%)  were  purchased  from  Aldrich. 
All  water  was  deionized  to  a  resistivity  of  1 8  M^-cm  using  a  Nanop- 
ure  system  (Barnstead).  High  surface  area  carbon  black  (Vulcan 
XC-72R)  served  as  the  catalyst  support.  Commercial  PtRu  catalyst 
(Cl 3-20,  20  wt%  metal  loading  on  Vulcan  XC-72  carbon)  was  pur¬ 
chased  from  E-Tek,  Inc.  (www.etek-inc.com). 

2.2.  Synthesis  of  PAMAM -Pt-Ru  complex 

Our  synthesis  of  the  PAMAM-Pt-Ru  complex  involves  sequen¬ 
tial  complexation  of  the  Pt  and  Ru  precursors  with  G40H.  We 
denote  the  complex  as  G40H-(Pt2+)x(Ru3+)y  to  indicate  its  nom¬ 
inal  composition.  To  prepare  G4OH-(Pt2+)20(Ru3+)20  complex,  for 
example,  we  first  dry  a  known  mass  of  as-received  G40H  solution 
(10wt%)  by  rotary  evaporation  and/or  impinging  flow  of  dry  N2 
gas,  followed  by  dilution  in  DI  water  to  0.2  mM.  We  mix  equal  vol¬ 
umes  of  this  stock  G40H  solution  and  an  aqueous  4.0  mM  I<2PtCl4 
solution  to  yield  G4OH-(Pt2+)20  complex  solution. 

After  stirring  and  aging  for  3  days,  the  pH  of  the  G4OH-(Pt2+)20 
complex  solution  decreases  from  6.5  to  2.7.  A  previous  study  [41  ] 
suggests  that  the  protonation  of  interior  amine  ( p I<a  =  6.3 )  groups  at 
pH  <  5  may  prevent  some  ligand  exchange  reactions.  After  allow¬ 
ing  7  days  for  the  formation  of  G4OH-(Pt2+)20,  we  adjust  the  pH 
up  to  7.0  by  adding  concentrated  NaOH.  Then  we  mix  equal  parts 
of  G4OH-(Pt2+)20  solution  with  an  aqueous  2.0  mM  RuC13  solu¬ 
tion  (anhydrous  basis),  yielding  a  0.05  mM  G4OH-(Pt2+)20(Ru3+)20 
solution.  We  age  the  final  solution  for  another  3  days  prior  to 


Table  1 

Metallic  composition  of  G40H-Pt*Ruy/C  catalysts  from  atomic  absorption 
spectroscopy. 


Catalyst 

Metal  loading  ( wt%)a 

Composition  ( x\y  in  PtxRuy) 

Pt 

Ru 

Total 

Solution9 

Final  catalyst13 

G4OH-Pt40/C 

20.1 

0 

20.1 

40:0 

40:0 

G40H-Pt32Ru8/C 

21.9 

1.72 

23.6 

32:8 

34:6 

G40H-Pt26Rui4/C 

17.5 

3.54 

21.1 

26:14 

28:12 

G4OH-Pt20Ru20/C 

12.3 

5.5 

17.8 

20:20 

22:18 

Pt2oRu2o/C  without  G40H 

14.4 

5.52 

19.9 

20:20 

23:17 

E-Tek  PtRu 

16.6 

6.2 

22.8 

20:20 

23:17 

a  Nominal  values  based  on  precursor  concentrations  prepared  on  an  anhydrous 
basis. 

b  From  atomic  absorption  spectroscopy. 


catalyst  preparation.  In  addition  to  G4OH-(Pt2+)20(Ru3+)20,  we 
also  prepared  G40H-(Pt2+)26(Ru3+)i4,  G40H-(Pt2+)32(Ru3+)8,  and 
G4OH-(Pt2+)40  in  the  same  way. 

2.3.  Catalyst  preparation 

To  prepare  catalysts,  we  dispersed  known  weights  of  carbon 
black  powder  in  G40H-(Pt2+)x(Ru3+)y  complex  solution.  All  of  the 
catalysts  had  a  nominal,  total  metal  loading  of  20  wt%  (the  sum  of 
Pt  and  Ru  loadings)  on  the  carbon  black  support.  After  sonication 
and  20  min  of  degassing  with  N2,  we  sealed  the  suspensions  and 
continued  stirring  for  at  least  24  h.  We  removed  water  by  evapo¬ 
ration  and  rinsed  the  solid  residue  with  ethanol.  Finally,  we  dried 
the  powder  at  70  °C  under  vacuum.  To  reduce  the  metal  species  to 
zero  valence,  we  heated  the  dried  powders  in  H2  gas  at  elevated 
temperature  (typically  400  °C)  for  2  h. 

We  denote  the  heat  treated  catalysts  as  G40H-PtxRuy/C.  To 
determine  the  actual  Pt  and  Ru  loadings  in  the  catalysts,  we 
employed  atomic  absorption  (AA)  spectroscopy  (Perkin  Elmer 
Model  3300).  The  Pt-Ru/C  samples  were  digested  in  aqua  regia  at 
1 25  °C  for  4  h.  Carbon  blanks  and  commercial  samples  of  known  Pt 
and  Ru  content  were  also  analyzed.  The  resulting  solutions  were 
diluted  with  deionized  water  with  lanthanum  chloride  added  to 
enhance  the  Pt  and  Ru  signals.  Calibration  standards  were  made 
from  purchased  1 .0  g/L  Pt  and  Ru  stock  solutions  and  were  verified 
by  the  use  of  check  standards  from  an  independent  source.  Sample 
sizes  and  dilution  volumes  of  the  digested  samples  were  chosen 
so  that  expected  results  fell  in  the  analytical  ranges  for  Pt  (up  to 
40  mg  L-1 )  and  Ru  (up  to  20  mg  L-1 ). 

Table  1  presents  the  catalysts  prepared  in  this  work.  The  final 
values  of  x  and  y  in  the  G40H-PtxRuy/C  catalysts  differ  slightly  from 
the  precursor  solution  values  due  to  the  contribution  of  hydration 
from  RuC13zH20.  In  the  following  discussion,  we  routinely  refer 
to  the  solution  values  of  x  and  y  in  accord  with  usage  in  previous 
literature.  The  measured  metal  weight  loadings  and  compositions 
can  be  found  in  Table  1. 

To  prepare  each  electrocatalyst  electrode,  we  first  prepared  an 
“ink  paste”  by  dispersing  8  mg  of  catalyst  sample  in  1 .0  mL  ethanol 
solution  with  ultrasonication  for  30  min.  Next,  we  coated  15  [xL  of 
ink  paste  (in  three  5  p,L  aliquots)  and  5  p,L  Nation  solution  (5%  in 
isopropyl  alcohol)  onto  a  glassy  carbon  disk,  followed  by  drying  in 
air  for  30  min  at  60  °C. 

2.4.  Material  characterization 

We  monitored  PAMAM-Pt-Ru  complexation  using  a  Shimadzu 
UV  2010  UV-vis  spectrophotometer  (UV-vis)  with  quartz  cells  of 
10  mm  path  length.  The  background  spectrum  was  subtracted  by 
using  an  identical  cell  filled  with  deionized  water. 

We  used  transmission  electron  microscopy  (TEM)  to  mea¬ 
sure  nanoparticle  size.  TEM  samples  were  prepared  by  depositing 
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small  drops  of  sonicated  catalyst  suspension  in  ethanol  solu¬ 
tions  (2.5  [jiM)  onto  standard  carbon-coated  copper  TEM  grids, 
followed  by  drying  in  air.  TEM  images  were  obtained  using  (typ¬ 
ically)  an  operating  voltage  of  200  kV  with  a  magnification  of 
300,000-500,000  x .  We  estimated  the  average  particle  diameter  by 
manual  measurement  of  the  size  of  at  least  100  randomly  selected 
particles  in  the  TEM  images. 

X-ray  diffraction  (XRD)  patterns  were  recorded  using  a  Rigaku 
D/Max-21 00  powder  X-ray  diffractometer  with  area  detector  using 
Cu  Ka  source  (A  =  1.54056  nm)  operating  at  40  kV  and  40  mA.  The 
angular  resolution  in  the  20-scans  was  0.05°.  Each  full  pattern  was 
fit  using  Jade  XRD  software  (version  7.5,  Materials  Data,  Inc.)  to 
determine  peak  locations,  peak  FWHMs,  and  crystallite  diameters. 
Face  centered  cubic  (fee)  lattice  parameters  (a)  were  calculated 
from  the  locations  of  the  (2  2  0)  peaks  using  the  Scherrer  equation 
[42,43]. 

We  carried  out  X-ray  photoelectron  spectroscopy  (XPS)  exper¬ 
iments  using  a  Kratos  AXIS  Ultra  system  with  a  base  pressure  of 
10-9Torr.  The  Al  anode  with  focusing  monochromator  produces 
an  Al  Ka  line  with  a  width  of  <0.26  eV.  Carbon-supported  Pt-Ru 
catalysts  were  applied  to  one  side  of  double-sided  carbon  conduc¬ 
tive  tape.  The  other  side  of  the  tape  was  adhered  to  a  piece  of 
Ta  sheet.  All  samples  were  exposed  to  air  during  preparation  and 
transfer  to  the  XPS  system.  The  samples  were  charge-compensated 
with  the  AXIS  charge  balance  system  that  incorporates  a  magnetic 
immersion  lens.  The  XPS  spectra  for  C(  1  s),  N(1  s),  Ru(3p),  and  Pt(4f) 
regions  were  averaged  over  four  sweeps  with  a  step  size  of  0.05  eV, 
a  dwell  time  of  0.2  s,  and  a  pass  energy  of  40  eV  (except  for  Ru(3p), 
160eV).  The  peaks  in  the  spectra  were  fit  by  using  the  shareware 
program  XPSPEAK  with  Gaussian-Lorentzian  peak  shapes  and  a 
Shirley  background. 

2.5.  Electrochemical  characterization 

Our  cyclic  voltammetry  experiments  employed  a  conventional 
electrochemical  three-electrode  test  cell.  A  rotating  disk  electrode 
(RDE)  with  a  glassy  carbon  disk  (5  mm  o.d.)  served  as  the  working 
electrode.  Platinum  wire  and  a  standard  Hg/HgS04  (0.64  V  vs.  RHE) 
cell  were  used  as  the  counter  and  reference  electrodes,  respectively. 

All  potentials  in  this  work  are  quoted  against  reversible  hydro¬ 
gen  electrode  (RHE).  We  measured  cyclic  voltammogram  (CV) 
curves  at  room  temperature  (23±2°C)  using  an  EG&G  model 
273  potentiostat/galvanostat.  The  sweep  rate  in  the  CV  mea¬ 
surement  was  20mVs-1.  The  upper  potential  of  the  cycle  was 
limited  to  1.1  V  for  Pt/C  catalysts  and  0.74  V  for  PtRu/C  catalysts 
in  order  to  avoid  the  loss  of  Ru  as  reported  previously  [44,45]. 
Methanol  electro-oxidation  experiments  employed  solutions  con¬ 
taining  0.5  M  CH3OH  in  0.5  M  H2S04,  prepared  from  high  purity 
sulfuric  acid,  methanol,  and  double  distilled  water.  All  electrolyte 
solutions  were  purged  by  high  purity  N2  for  30  min  prior  to  mea¬ 
surements.  Data  were  collected  over  a  minimum  of  five  cycles  with 
monitoring  to  assure  reproducibility  over  successive  cycles. 

3.  Results  and  discussion 

3.1.  Formation  ofG40H-(Pt2+)x(Ru3+)y  bimetallic  complexes 

The  complexation  of  the  individual  metals,  Pt(II)  [30,31]  or 
Ru(III)  [33,34],  with  PAMAM  G40H  has  been  studied  previously. 
Here,  we  study  the  formation  of  bimetallic  G40H-(Pt2+)x(Ru3+)y 
complexes  prepared  by  sequentially  adding  I<2PtCl4  and  RuC13  to 
aqueous  G40H  solutions. 

Before  considering  G40H-(Pt2+)x(Ru3+)y  complexes,  it  is 
instructive  to  examine  G40H-(Ru3+)y  complexation.  The  UV-vis 
spectrum  of  a  fresh  solution  of  RuC13  in  pure  water  (Fig.  1 )  has  char- 
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Fig.  1.  UV-vis  spectra  of  RuC13  solutions:  (a)  fresh  RuC13  in  water;  (b)  RuC13  in  water 
after  3  days ;  and  (c)  RuC13  in  aqueous  G40H  [ nominally  G40H-( Ru3+  )2o  ]  aged  3  days. 

acteristic  peak  at  402  nm.  Over  time,  RuC13  in  pure  water  forms 
aqua  complexes  [46],  manifested  in  the  UV-vis  spectrum  as  the 
disappearance  of  the  402  nm  peak  and  the  appearance  of  a  peak  at 
311  nm.  For  RuC13  in  aqueous  G40H  aged  3  days,  the  spectrum  has 
a  characteristic  peak  at  280  nm,  ascribed  previously  to  Ru-amine 
complexes  [34].  From  this,  we  infer  that  the  absence  of  the  peak  at 
311  nm  implies  preferential  formation  of  G40H-(Ru3+)y  complexes 
rather  than  Ru  aqua  complexes. 

Fig.  2  shows  a  series  of  UV-vis  spectra  during  the  steps  lead¬ 
ing  to  G4OH-(Pt2+)20(Ru3+)20.  After  mixing  aged  I<2PtCl4  solution 
with  G40H  solution,  the  appearance  of  the  ligand-to-metal  charge 
transfer  (LMCT)  band  at  250  nm  indicates  the  slow  formation  of 
the  G4OH-(Pt2+)20  complex  (Fig.  2,  curves  a  and  b).  After  addition 
of  RuC13  to  aqueous  G4OH-(Pt2+)20,  the  spectrum  (Fig.  2,  curve 
c)  displays  a  weak  peak  at  402  nm  and  a  broad  absorbance  over 
the  300-600  nm  range  as  expected  for  RuC13  in  water.  The  persis¬ 
tence  of  the  intense  LMCT  band  at  250  nm  (Fig.  2,  curves  c  &  d) 
indicates  that  Pt2+  remains  complexed  with  G40H.  The  intensity 
of  the  402  nm  peak  decreases  slowly  over  time  (Fig.  2,  curve  d), 
consistent  with  the  formation  of  Ru  complexes.  The  absence  of  a 


Fig.  2.  UV-vis  spectra  at  various  stages  during  the  formation  of 
G40H-(Pt2+)2o(Ru3+)2o  complex:  (a)  20  min  after  mixing  aged  I<2 PtCl4  and 
G40H  solutions;  (b)  G40H-(Pt2+)2o  after  3  days;  (c)  20  min  after  mixing  RuC13  and 
G40H-(Pt2+)2o  solutions;  and  (d)  G40H-(Pt2+)2o(Ru3+)2o  solution  aged  3  days. 
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Fig.  3.  UV-vis  spectra  of  G40H-(Pt2+)2o(Ru3+)2o  complex  solutions:  (a)  with  adjust¬ 
ment  of  G40H-(Pt2+)2o  solution  to  pH  7.0  before  addition  of  RuC13;  and  (b)  no  pH 
adjustment  before  addition  of  RuC13. 


peak  at  31 1  nm  implies  that  Ru3+  has  complexed  with  G40H  pref¬ 
erentially  over  water.  However,  the  strong  Pt-G40H  LMCT  band  at 
250  nm  makes  it  difficult  to  detect  any  peak  near  280  nm  arising 
from  Ru-G40H  complexation. 

Another  experiment  supports  the  view  that  Ru3+  has  complexed 
with  G4OH-(Pt2+)20  to  form  G4OH-(Pt2+)20(Ru3+)20.  Fig.  3  com¬ 
pares  the  UV-vis  spectra  of  G4OH-(Pt2+)20(Ru3+)20  solutions  with 
and  without  adjustment  of  the  G40H-(Pt2+)2o  solution  from  pH 
2.7 -7.0  prior  to  the  addition  of  RuC13.  Without  pH  pre-adjustment 
(Fig.  3,  curve  b),  the  spectrum  of  G4OH-(Pt2+)20(Ru3+)20  manifests 
a  distinct  peak  around  311  nm,  similar  to  that  seen  for  RuC13  in 
pure  water  (Fig.  1,  curve  a).  This  implies  that  Ru3+  has  preferen¬ 
tially  complexed  with  water  rather  than  G40H  in  this  solution. 
This  is  consistent  with  previous  work  [41  ]  indicating  that  at  low 
solution  pH,  protonation  of  PAMAM’s  amine  and  amide  groups 
may  prevent  Ru3+  complexation  with  PAMAM.  The  absence  of 
the  311  nm  peak  in  pH-adjusted  G4OH-(Pt2+)20(Ru3+)20  solution 
(Fig.  3,  curve  a)  supports  the  assertion  that  Ru3+  has  complexed 
with  G4OH-(Pt2+)20  to  form  G4OH-(Pt2+)20(Ru3+)20.  We  conclude 
that  sequential  complexation  Pt2+  and  Ru3+  with  G40H  dendrimer 
produces  an  aqueous,  bimetallic  solution  complex,  here  denoted  as 
G40H-(Pt2+)x(Ru3+)y. 

3.2.  Catalyst  physical  characterization 

3.2.  t.  Composition  and  metal  loading 

G40H-PtxRuy/C  catalysts  were  prepared  by  impregnating  high 
surface  area  carbon  with  G40H-(Pt2+)x(Ru3+)y  complexes,  followed 
by  thermal  treatment  in  H2  for  2  h  to  reduce  the  metal  species  and 
remove  G40H  dendrimer.  The  actual  metal  loading  and  Pt:Ru  ratio 
were  determined  by  AA  spectroscopy  (Table  1).  The  Pt:Ru  ratios 
measured  by  AA  are  slightly  lower  than  the  nominal  values  based 
on  the  precursor  solution  concentrations,  similar  to  that  reported 
previously  [47].  This  is  due  to  the  water  content  in  RuC13zH20;  its 
precursor  solution  was  prepared  on  an  anhydrous  basis.  Based  on 
the  AA  results,  we  estimate  that  z  ~  2.  In  accord  with  previous  liter¬ 
ature,  we  refer  to  the  nominal  x  and  y  values  in  “G40H-PtxRuy/C” 
for  convenience. 


ing  catalyst  sintering.  X-ray  photoelectron  spectroscopy  (XPS)  was 
used  to  characterize  the  products  of  PAMAM  decomposition  and 
measure  metal  valences  in  the  catalysts  after  H2  activation  at  dif¬ 
ferent  temperatures. 

Fig.  4  shows  the  N(ls)  region  of  the  XPS  spectra  for 
G4OH-Pt20Ru20/C  catalysts  treated  in  H2  at  various  temperatures. 
For  the  catalyst  at  room  temperature,  the  spectrum  can  be  fit  with 
two  main  peaks  at  399.5  and  400.4  eV  as  well  as  a  smaller  feature 
at  402.0  eV.  The  400.4  and  402.0  eV  peaks  are  assigned  to  amine 
and  amide  nitrogens,  respectively.  Although  these  binding  ener¬ 
gies  are  ~1  eV  higher  than  those  typically  observed  in  amines  and 
amides  [48,49],  they  are  consistent  with  the  N(  1  s)  binding  energies 
previously  reported  for  G40H  and  Pt-G40H  films  on  Au-coated  Ta 
[50].  The  high  binding  energy  402.0  eV  peak  cannot  be  attributed  to 
nitrogens  coordinated  with  the  metal  ions  because  this  feature  was 
also  observed  for  the  G40H  in  the  absence  of  the  metal  ions.  Fur¬ 
thermore,  the  amide: amine  peak  intensity  ratio  is  much  lower  than 
2:1  value  expected  based  on  the  dendrimer  stoichiometry,  also  in 
agreement  with  the  previous  studies  of  the  G40H  dendrimer  films 
[50];  the  signal  from  the  amide  nitrogens  is  apparently  screened 
compared  to  that  of  the  amine  nitrogens. 

The  peak  at  399.5  eV  is  attributed  surface  species  resulting  from 
C-N  bond  scission  in  the  dendrimer.  This  decomposition  product 
is  related  to  the  presence  of  the  metal  ions,  given  that  the  399.5  eV 
peak  does  not  appear  in  the  spectrum  of  G40H  films  but  is  present 
in  Pt-G40H  films  at  room  temperature  [50].  After  H2  activation  at 
200  °C,  the  integrated  nitrogen  signal  decreases  by  50%  as  nitrogen- 
containing  species  desorb  from  the  surface,  and  the  399.5  eV  peak 
from  the  decomposition  species  becomes  the  dominant  feature  in 
the  spectrum.  A  small  low  binding  energy  peak  at  398.1  also  appears 
and  could  be  assigned  to  atomic  nitrogen  on  zero-valent  metal  sur- 
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3.2.2.  Chemical  state  after  activation 

Catalyst  activation  entails  H2  treatment  at  elevated  tempera¬ 
ture  to  decompose  the  PAMAM  and  reduce  the  metals.  The  optimal 
temperature  maximizes  PAMAM  decomposition  while  minimiz- 


Fig.  4.  X-ray  photoelectron  spectra  in  the  N(ls)  region  for  G40H-Pt2oRu2o/C  cata¬ 
lysts  treated  with  H2  for  2  h  at  the  indicated  temperatures  (curves  shifted  vertically 
for  clarity).  The  “r.t.”  denotes  the  catalyst  treated  with  H2  for  2  h  at  room  temper¬ 
ature.  The  r.t.  and  200  °C  sets  include  the  original  spectrum  as  well  as  the  fitted 
spectrum  (including  fitted  baseline  and  individual  deconvoluted  peaks  with  FWHM 
values  of  1.3  eV). 
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Fig.  5.  X-ray  photoelectron  spectra  in  the  C(ls)  region  for  G4OH-Pt20Ru20/C  cata¬ 
lysts  activated  with  H2  for  2  h  at  the  indicated  temperatures  (curves  shifted  vertically 
for  clarity).  The  “r.t.”  curve  is  for  G40H-Pt2oRu20/C  catalyst  treated  with  H2  for  2  h 
at  room  temperature. 


faces  [51  ].  The  nitrogen  signal  continues  to  decrease  to  13%  of  the 
room  temperature  value  after  reduction  at  300  °C  and  drops  almost 
to  zero  after  reduction  at  500  °C. 

The  C(1  s)  region  of  the  XPS  spectra  (Fig.  5)  for  G4OH-Pt20Ru20/C 
treated  with  H2  at  room  temperature  is  complicated  because  the 
dendrimer  itself  contains  a  number  of  chemically  different  car¬ 
bons.  At  all  temperatures,  the  dominant  feature  in  the  spectrum 
is  the  284.3  eV  peak  from  the  carbon  support.  Small  peaks  are 
observed  in  the  280-282  eV  region  from  the  Ru(3d)  signal,  as  will 
be  discussed  below.  In  the  room  temperature  spectrum,  the  high¬ 
est  binding  energy  peak  at  288.3  eV  is  assigned  to  carbonyl  carbons, 
and  the  broad  peak  centered  at  285.9  eV  corresponds  to  C-OH,  C-N 
(amine)  and  C-N  (amide)  species,  as  previously  observed  for  G40H 
films  [48,52].  There  should  also  be  contribution  from  aliphatic  car¬ 
bons  around  285.7  eV,  but  this  peak  overlaps  with  the  high  intensity 
feature  from  the  carbon  support. 

Following  reduction  at  200  °C,  the  intensities  of  the  288.3  eV 
and  285.9  eV  peaks  approach  zero,  indicating  that  almost  all  C=0, 
C-0  and  C-N  bonds  are  broken.  Furthermore,  the  total  carbon 
signal  intensity  increases  by  ~75%,  with  most  of  the  intensity 
occurring  at  284.3  eV.  This  demonstrates  removal  of  most  of  the 
carbon-containing  species  from  the  surface,  allowing  greater  X-ray 
penetration  to  the  underlying  carbon  support  and  thus  an  increase 
in  that  peak.  Reduction  at  300  °C  results  in  a  minor  increase  in  the 
carbon  signal  at  284.3  eV  and  the  complete  disappearance  of  the 
288.5  and  285.9  eV  peaks.  There  are  no  further  changes  upon  reduc¬ 
tion  at  higher  temperatures.  It  is  impossible  to  determine  if  all  of 
the  carbon-containing  species  are  removed  from  the  surface  during 
reduction  because  the  carbon  support  signal  appears  at  the  same 
binding  energy  as  CH*  [52].  Flowever,  it  is  clear  that  a  large  fraction 
of  the  residual  carbon  from  dendrimer  decomposition  is  removed 


from  the  surface,  based  on  the  substantial  increase  in  carbon  signal 
at  284.3  eV  due  to  the  carbon  support. 

Treatment  with  H2  gas  is  intended  to  reduce  the  Pt  and 
Ru  valence,  ideally  to  the  zero-valent  metallic  state.  XPS  data 
(supporting  information,  Fig.  SI)  for  the  G4OH-Pt20Ru20/C  sam¬ 
ple  before  treatment  shows  that  the  Pt(4f)  region  can  be  fit  with  a 
single  Pt(4f)  doublet  with  Pt(4f7/2)  and  Pt(4f5/2)  binding  energies  of 
72.9  and  76.2  eV,  respectively;  in  all  spectra,  the  Pt(4f)  doublet  was 
fit  by  fixing  the  binding  energy  splitting  at  3.35  eV,  fixing  the  4f7/2  to 
4f5/2  peak  area  ratio  at  4:3  and  keeping  the  FWHM  values  the  same 
for  both  peaks  (Fig.  SI).  The  Pt(4f7/2)  binding  energy  of  72.8 eV  is 
consistent  with  that  expected  for  Pt+2  [53-55].  After  reduction  at 
200  °C,  there  is  a  significant  shift  to  lower  binding  energies,  and  the 
spectrum  is  fit  with  two  Pt(4f)  doublets  with  4f7/2  binding  ener¬ 
gies  of  72.7  and  71.3  eV  and  a  peak  area  ratio  of  30:70.  The  higher 
binding  energy  feature  is  again  attributed  to  Pt+2  while  the  lower 
binding  energy  peak  is  assigned  to  metallic  Pt  [56].  Pleating  in  PI2  at 
200  °C  causes  reduction  of  Pt+2  to  Pt°  as  expected,  but  either  the  Pt 
was  not  completely  reduced,  or  Pt  became  reoxidized  upon  transfer 
in  air  to  the  XPS  chamber.  Reduction  at  higher  temperatures  does 
not  significantly  change  the  Pt(4f)  peak  shape,  although  the  signal 
intensity  decreases  by  16%  between  the  200  and  500  °C  reduction 
treatments,  presumably  due  to  sintering  of  the  Pt  particles. 

Fig.  6  shows  the  Ru(3p3/2)  region  of  the  XPS  spectra  for 
G4OH-Pt20Ru20/C  treated  in  PI2  at  various  temperatures.  For  room 
temperature  sample,  the  Ru(3p 3/2 )  spectrum  is  fit  with  two  peaks  at 
463.4  and  466.5  eV,  assigned  to  Ru+4  [57,58]  and  Ru+6  [57]  in  Ru02 
and  Ru03,  respectively.  The  large  FWHM  (3.5  eV)  for  these  peaks 
suggests  that  other  oxidation  states  for  Ru  could  be  present.  How¬ 
ever,  a  previous  study  [57]  of  carbon-supported  Pt-Ru  particles  also 
reported  peak  widths  on  the  order  of  4eV  for  a  Ru(3p)  spectrum 
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Fig.  6.  X-ray  photoelectron  spectra  in  the  Ru(3p3/2)  region  for  G4OH-Pt20Ru20/C 
catalysts  treated  with  H2  for  2  h  at  the  indicated  temperatures  (curves  shifted  verti¬ 
cally  for  clarity).  The  “r.t.”  set  of  curves  is  for  G40H-Pt2oRu20/C  catalyst  treated  with 
H2  for  2  h  at  room  temperature.  The  “r.t.”  and  300  °C  sets  include  the  original  spec¬ 
trum,  the  fitted  spectrum,  the  fitted  baseline  and  deconvoluted  peaks  with  FWHM 
values  of  3.5  eV. 
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Table  2 

Summary  of  TEM  and  XRD  results  for  G40H-PtxRuy/C  catalysts. 


Catalyst 

Activation  temperature  (°C) 

TEM 

diEM  ± cj tem  (nm) 

COVa  (%) 

XRD 

dXRD  (nm) 

afcc  (A) 

Vegard’s  Lawb 

^Vegard  (A) 

G40H-Pt2oRu2o/C 

300 

3.2  ±  0.6 

19 

3.4  ±  0.5 

3.8820  ±  0.0126 

3.8583 

G40H-Pt2oRu2o/C 

400 

3.9  ±  0.7 

18 

3.2  ±  0.3 

3.8833  ±  0.0091 

3.8583 

G40H-Pt20Ru2o/C 

500 

4.9  ±  0.9 

18 

3.4  ±  0.3 

3.8869  ±  0.0082 

3.8583 

G40H-Pt  40 /C 

400 

5.1  ±  1.2 

24 

6.4  ±  0.5 

3.9203  ±  0.0029 

- 

G40H-Pt32Ru  8/C 

400 

4.7  ±  1.2 

26 

4.0  ±  0.3 

3.8921  ±  0.0037 

3.8955 

G40H-Pt26Rui  4/C 

400 

4.4  ±  0.7 

16 

3.9  ±  0.3 

3.8923  ±  0.0064 

3.8769 

G40H-Pt2oRu2o/C 

400 

3.9  ±  0.7 

18 

3.2  ±  0.3 

3.8833  ±  0.0091 

3.8583 

Pt2oRu20/C  without  G40H 

400 

7.4  ±  3.7 

50 

10.2  ±  0.7 

3.8988  ±  0.0017 

3.8583 

a  Coefficient  of  variation  (COV)  =  c/tem/^tem. 

b  Lattice  parameters  calculated  from  the  nominal  Ru  mole  fraction  (xRU)  using  Vegard’s  Law,  aVegard  =  Gfcc.pt/c  -  kxRu,  with  afCCiPt/c  =  3.9203  A  and  /<  =  0.124A. 


attributed  to  a  mix  of  Ru02  and  Ru03.  After  treating  in  H2  at  300  °C, 
we  see  a  shift  to  lower  binding  energy,  indicating  that  the  metal  is 
reduced.  The  300  °C  spectrum  is  fit  with  peaks  at  463.4  and  466.5  eV 
from  the  Ru  oxides,  as  well  as  a  peak  at  461 .6  eV  assigned  to  metal¬ 
lic  Ru  [59,60].  No  additional  shifts  in  binding  energy  are  observed 
after  reduction  at  higher  temperatures.  Thus,  H2  treatment  at  ele¬ 
vated  temperatures  cannot  fully  reduce  the  Ru,  or  fully  reduced  Ru 
undergoes  partial  re-oxidation  upon  exposure  to  ambient  02. 

Although  the  Ru(3d)  peaks  (Fig.  5)  have  much  higher  intensity 
than  Ru(3p)  peaks,  the  Ru(3d)  region  overlaps  with  the  very  intense 
C(ls)  peaks  from  the  carbon  support.  Although  Ru(3d)  region  can¬ 
not  be  fit,  the  data  indicate  the  presence  of  ruthenium  oxides  before 


treatment  and  a  reduced  form  of  Ru  after  H2  treatment  at  200  °C  and 
higher  (Fig.  5).  The  Ru(3d5/2 )  peak  centered  at  281 .8  eV  before  treat¬ 
ment  is  consistent  with  the  presence  of  Ru02  at  280.6-281.0  eV 
[61-63]  and  Ru03  at  282.5-283.0  eV  [62].  Furthermore,  the  shift  in 
Ru(3d5/2)  binding  energy  to  280.2  eV  after  treatment  suggests  [56] 
the  formation  of  metallic  Ru. 

The  Ru(3p3/2 )  region  of  the  XPS  spectra  clearly  indicate  the  pres¬ 
ence  of  reduced,  zero-valent  Ru  in  the  G40FI-Pt2oRu2o/C  catalysts. 
A  plausible  speculation  [64]  is  that  the  surface  Ru  atoms  may  be 
+4  or  +6  valence  and  exist  in  the  form  of  oxides,  while  interior  Ru 
atoms  may  be  zero-valent  and  alloyed  with  Pt°.  The  testing  of  this 
hypothesis,  as  well  as  proof  that  G40FI-PtxRuy  nanoparticles  are 


G4OH-Pt20Ru20/C 


Diameter  (nm) 


Pt20Ru2()/C  (no  G40H) 


Fig.  7.  Particle  size  distributions  and  TEM  images  for  (top)  G40H-Pt2oRu2o/C  and  (bottom)  conventional  Pt2oRu2o/C  made  without  G40H.  The  catalysts  were  activated  under 
H2  at  400  °C  for  2  h. 
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Fig.  8.  X-ray  diffraction  patterns  of  G4OH-Pt20Ru20/C  catalyst  as  well  as  Pt20Ru20/C 
catalyst  made  without  G40H.  Both  catalysts  were  activated  in  H2  at  400  °C  for  2  h. 

truly  bimetallic  alloys,  are  addressed  in  a  forthcoming  report  that 
includes  characterization  of  G40H-PtxRuy  nanoparticles  by  X-ray 
absorption  spectroscopy  [65]. 

3.2.3.  Particle  size  and  crystal  structure 

Metal  particle  sizes  were  characterized  by  TEM.  Fig.  7  (top) 
shows  a  typical  TEM  image  of  the  G4OH-Pt20Ru20/C  catalyst  after 
H2  treatment  at  400  °C.  This  image  shows  uniform,  well-dispersed 
particles.  The  particle  size  distribution  indicates  an  average  diam¬ 
eter  of  3.9±0.7nm  (standard  deviation).  Fig.  7  (bottom)  shows  a 
typical  TEM  image  and  corresponding  particle  size  distribution  for 
a  “conventional”  Pt20Ru 20/C  catalyst  made  without  added  G40H. 
The  metal  particles  in  the  conventional  Pt2oRu20/C  catalyst  have 
an  average  diameter  of  7.4  ±  3.7  nm.  Under  preparation  conditions 
identical  in  all  respects  except  for  the  presence  of  G40H  in  the 
recipe,  G4OH-Pt20Ru20/C  catalyst  contains  metal  particles  that  are 
50%  smaller  (on  average)  than  those  in  the  conventional  Pt20Ru20/C 
catalyst.  Moreover,  use  of  G40H  in  the  recipe  leads  to  a  much  more 
narrow  particle  size  distribution. 

Typical  TEM  images  and  particle  size  distributions  for  all  of  the 
G40H-PtxRuy/C  catalysts  are  shown  in  the  Supporting  Informa¬ 
tion  section  (Fig.  S2),  and  the  results  are  summarized  in  Table  2. 
For  G4OH-Pt20Ru20/C  catalysts  treated  at  temperatures  increasing 
from  300  to  500  °C,  dTEM  increased  from  3.2  ±0.6  to  4.9±0.9nm. 
This  increase  may  be  due  to  particle  sintering  as  might  be  expected 
at  elevated  temperatures.  For  all  other  catalysts,  an  activation  tem¬ 
perature  of 400  °C  was  employed  in  order  to  ensure  complete  G40H 
decomposition  while  avoiding  excessive  particle  sintering. 

X-ray  diffraction  (XRD)  reveals  the  crystal  structure  and  size  of 
the  metal  particles  in  our  supported  catalysts;  Figs.  8  and  9  show 
XRD  patterns,  and  Table  2  summarizes  the  results.  The  XRD  patterns 
for  all  of  the  catalysts  are  generally  consistent  with  fee  crystallites 
with  peaks  readily  indexed  to  the  Pt  (1  1  1 ),  (2  0  0),  (2  2  0),  (31  1), 
and  (2  2  2)  faces.  For  catalysts  containing  Ru,  all  of  the  peaks  are 
shifted  to  higher  20  values  than  expected  for  pure  Pt.  In  quantitative 
terms,  the  fee  lattice  parameter  values  (Table  2)  for  catalysts  con¬ 
taining  Ru  are  all  significantly  lower  than  that  of  the  G4OH-Pt40/C 
catalyst  or  published  values  for  bulk  Pt  [43  ].  These  observations  are 
consistent  with  substitution  of  Ru  atoms  in  the  Pt  fee  structure  to 
form  bimetallic  alloys  [43,47,57,66]. 

Fig.  8  shows  XRD  patterns  for  the  G4OH-Pt20Ru20/C  cat¬ 
alyst  as  well  as  the  Pt2oRu2o/C  catalyst  prepared  without 
G40H.  The  peaks  in  the  Pt20Ru20/C  pattern  are  noticeably 


sharper,  indicating  larger,  more  crystalline  metal  particles  in 
Pt20Ru20/C  (dXRD  =  10.2  ±  0.7  nm)  than  in  the  G4OH-Pt20Ru20/C 
(dx rd  =  3.2  ±  0.3  nm).  This  finding  corroborates  the  TEM  results:  the 
use  of  G40H  in  the  recipe  leads  to  much  smaller  metal  particles. 

Lattice  parameters  for  both  of  these  catalysts  indicate  the  forma¬ 
tion  of  Pt-Ru  alloys.  However,  both  patterns  also  show  a  distinct 
peak  near  20  =  44°  which  has  previously  been  indexed  as  hexag- 
onally  close-packed  (hep)  Ru  [67].  Any  other  hep  Ru  peaks  in 
the  pattern  would  overlap  with  those  of  fee  Pt  [67],  so  we  have 
not  attempted  to  discriminate  between  Pt  and  Ru  in  peak  fitting. 
Regardless,  these  patterns  show  that  Pt-Ru  alloy  particles  predom¬ 
inate  in  Pt20Ru20/C  prepared  with  and  without  G40H,  but  some 
of  the  Ru  in  these  samples  may  exist  in  the  hep  form,  possibly  as 
Ru-rich  alloys  with  Pt  [66]. 

Fig.  9  shows  XRD  patterns  of  G40H-PtxRuy/C  catalysts  with 
nominal  Ru  content  ranging  from  0  to  50  mol%.  With  increasing  Ru 
content,  the  peaks  broaden  and  synchronously  shift  toward  higher 
angles  consistent  with  substitution  of  Ru  atoms  for  Pt  in  the  fee 
lattice.  This  is  most  clearly  seen  in  the  (2  2  0)  peak  around  20  =  68°. 
The  peak  shifts  result  in  smaller  lattice  parameters  (afcc)  relative 
to  pure  Pt  (Table  2;  also  Apendix  Bsee  Fig.  S3,  Supporting  Infor¬ 
mation),  indicating  alloying  of  Ru  with  Pt.  The  particle  size  dXRD 
calculated  by  the  Debye-Scherrer  equation  [42  ]  (Table  2 )  is  greatest 
for  G4OH-Pt40/C  and  decreases  with  increasing  Ru  content,  follow¬ 
ing  the  same  trend  as  seen  in  dTEM-  These  observations  indicate  that 
all  of  the  G40H-PtxRuy/C  catalysts  are  Pt-Ru  alloys  [43,47]  with  Ru 
incorporation  increasing  with  nominal  Ru  content. 

The  G4OH-Pt20Ru20/C  catalyst  (Fig.  9)  is  the  only  one  that  shows 
clear  evidence  of  a  peak  at  20  =  44°,  indicative  of  some  Ru  not  incor¬ 
porated  in  the  Pt  fee  lattice.  Table  2  and  Fig.  S3  also  show  lattice 
parameter  values  calculated  from  Vegard’s  Law  [68]  based  on  the 
nominal  Ru  mole  fraction  [y/(x+y)].  Vegard’s  Law  predicts  afcc  well 
fory  =  8,  but  afcc  is  above  the  theoretical  value  fory  =  14  and  20. 
This  provides  evidence  that  not  all  of  the  Ru  is  alloyed  with  Pt  for 
higher  Ru  contents.  Alternately,  the  possibility  exists  that  Vegard’s 
Law  may  not  be  accurate  for  such  small  particles. 

The  value  of  afcc  for  Pt20Ru 20/C  prepared  without  G40H  (Table  2 ; 
Fig.  S3)  is  even  higher  than  that  of  G4OH-Pt20Ru20/C.  This  suggests 
the  intriguing  possibility  that  G40H  helps  to  promote  Pt-Ru  alloy¬ 
ing,  or  helps  prevent  Pt-Ru  segregation  during  catalyst  activation, 
at  least  for  1 :1  Pt:Ru  ratio. 


2B/degree 

Fig.  9.  X-ray  diffraction  patterns  of  G40H-Pt*Ruy/C  catalysts  with  different  Pt:Ru 
ratios.  Top  to  bottom:  G40H-Pt4o/C;  G40H-Pt32Ru8/C;  G40H-Pt26Rui4/C;  and 
G40H-Pt2oRu2o/C.  The  line  near  68°  guides  the  eye  with  regard  to  the  shift  of  the  Pt 
(2  2  0)  peak.  All  catalysts  were  activated  in  H2  at  400  °C  for  2  h. 
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Table  3 

Summary  of  CV  results  for  methanol  electro-oxidation  by  various  PtxRuy/C  catalysts. 


Catalyst  Activation  Current  density  (mA mg-1  -Pt)a 

temperature 

(°C) 


At  0.3  V 

At  0.7  V 

G40H-Pt20Ru2o/C 

300 

17.7  ±  0.1 

159  ±  1.0 

G4OH-Pt20Ru  20/C 

400 

13.6  ±  4.6 

210  ±  21 

G40H-Pt20Ru2o/C 

500 

17.8  ±  2.5 

204  ±  22 

G40H-Pt  40 /C 

400 

5.8  ±  0.6 

64.4  ±11.3 

G40H-Pt32  Rug/C 

400 

2.9  ±  0.3 

79.8  ±  6.1 

G40H-Pt26Rui  4/C 

400 

4.6  ±  0.1 

92.7  ±  8.4 

G4OH-Pt20Ru  20/C 

400 

13.6  ±  4.6 

210  ±  21 

E-Tek  PtRu/C 

n.a. 

6.4  ±  0.2 

130  ±  12.0 

Pt2oRu2o/C  without 

400 

3.3  ±  0.1 

13.6  ±  0.2 

G40H 

a  Averages  based  on  three  independent  experiments,  except  for  the  Pt2oRu2o/C 
(no  G40H)  which  was  measured  twice. 

For  G4OH-Pt20Ru20/C  catalysts  activated  with  H2  at  different 
temperatures,  XRD  results  do  not  indicate  a  significant  variation  of 
particle  size  (Table  2).  This  observation  is  in  contrast  with  the  TEM 
results  which  indicate  an  increase  in  particle  size  with  activation 
temperature.  This  might  be  due  to  differences  in  sampling  biases 
inherent  in  the  two  methods.  Likewise,  XRD  does  not  indicate  a  sig¬ 
nificant  variation  of  lattice  parameter  with  activation  temperature. 
Nonetheless,  the  lattice  parameter  for  all  of  the  G4OH-Pt20Ru20/C 
catalysts  is  significantly  lower  than  that  of  the  G4OH-Pt40/C  cat¬ 
alyst  or  bulk  Pt  [43].  This  is  an  unambiguous  indication  of  the 
formation  of  Pt-Ru  alloys  in  the  G4OH-Pt20Ru20/C  catalysts. 

3.3.  Electrocatalytic  characterization 

3.3.1 .  Activation  temperature 

Activation  of  G40H-PtxRuy/C  catalysts  requires  elevated  tem¬ 
peratures  for  H2  reduction  of  the  metals  as  well  as  decomposition 
and  removal  of  G40H.  However,  elevated  temperatures  may  also 
lead  to  particle  sintering  as  indicated  by  TEM  results.  To  see  if 
there  is  an  optimal  activation  temperature,  we  measured  cyclic 
voltammograms  (CVs)  for  G4OH-Pt20Ru20/C  catalysts  activated  at 
varying  temperatures.  Table  3  shows  average  values  of  the  cur¬ 
rent  density  (normalized  by  the  Pt  weight  loading)  for  methanol 
electro-oxidation  by  all  of  the  tested  catalysts  at  0.3  and  0.7  V.  For 
the  G4OH-Pt20Ru20/C  catalysts  activated  at  varying  temperatures, 
the  current  density  at  0.7  V  provides  a  relative  indication  of  activ¬ 
ity  for  MeOH  oxidation.  The  G4OH-Pt20Ru20/C  catalysts  activated 
at  400  and  500  °C  have  about  the  same  catalytic  activity,  signifi¬ 
cantly  higher  than  that  for  G4OH-Pt20Ru20/C  catalyst  activated  at 
300  °C.  We  selected  400  °C  as  the  standard  activation  temperature 
for  all  other  G40H-PtxRuy/C  catalysts.  Although  we  do  not  know  if 
400  °C  is  optimal,  it  leads  to  maximal  activity  while  minimizing  the 
risk  of  nanoparticle  sintering. 

3.3.2.  Catalyst  composition 

Structural  characterization  of  G40H-PtxRuy/C  catalysts  shows 
that  with  increasing  Ru  content,  the  metal  nanoparticle  size 
decreases,  Pt-Ru  alloying  increases,  and  crystallographic  features 
associated  with  hep  ordering  of  Ru  appear  (Fig.  9).  The  electrocat¬ 
alytic  properties  also  show  consistent  trends  with  changes  in  Pt:Ru 
ratio. 

Fig.  10  shows  CV  results  for  G40H-PtxRuy/C  catalysts  cycled  in 
0.5  M  H2S04  solution.  This  figure  reports  current  density  on  an 
electrode  area  basis  so  that  one  can  more  clearly  see  the  com¬ 
position  dependence  of  the  current  in  the  Pt-H  oxidation  region 
at  low  potential.  For  the  G4OH-Pt40/C  catalyst,  the  CV  curve  has 
multiple  peaks  between  0.05  and  0.25  V  due  to  Pt-H  oxidation  on 


Fig.  10.  Current  density  (mAcirr2)  vs.  potential  for  G40H-Pt*Ruy/C  catalysts  in 
0.5  M  H2S04  (from  CV,  sweep  rate  20  mV  s-1 ).  Catalyst  compositions  as  indicated  in 
the  figure.  Arrows  are  explained  in  the  text. 

different  Pt  crystallographic  faces.  Comparing  G4OH-Pt40/C  with 
G40H-Pt32Ru8/C  catalyst,  the  dominant  Pt-H  oxidation  peak  at 
about  0.20  V  for  G40H-Pt 40/C  is  shifted  and  greatly  reduced  in 
G40H-Pt32Ru8/C  (downward  arrow  in  Fig.  10).  With  increasing  Ru 
content,  the  Pt-H  oxidation  peak  at  0.20  V  disappears,  and  a  new 
Pt-H  oxidation  peak  appears  and  grows  at  about  0.075  V  (upward 
arrow  in  Fig.  10).  These  observations  signify  modification  of  the  Pt 
crystallite  structure  due  to  Pt-Ru  alloying  and,  perhaps,  preferential 
decoration  of  certain  crystal  faces  by  Ru  and  its  oxides. 

Significant  variations  in  the  location  and  shape  of  Pt-H  oxidation 
peaks  at  low  potential  are  also  observed  in  0.5  M  H2S04  solutions 
containing  0.5  M  MeOH  (Fig.  1 1 ,  inset).  Varying  Ru  content  also  pre¬ 
sumably  affects  the  current  density  in  the  range  expected  for  double 
layer  charging  (0.3-0.6V).  These  multiple,  qualitative  changes  in 
the  CV  curves  make  it  difficult  to  identify  the  onset  potential  for 
MeOH  oxidation  in  a  quantitative,  rational  way.  Setting  an  arbi¬ 
trary  current  density  threshold  [47]  to  identify  onset  potential  is 
also  potentially  misleading.  For  these  reasons,  we  use  the  value  of 


Fig.  11.  Current  density  (mAmg_1-Pt)  vs.  potential  for  methanol  electro-oxidation 
by  G40H-PtxRuy/C  catalysts  (from  CV  in  0.5  M  H2SO4  +  O.5M  MeOH,  sweep  rate 
20  mV  s_1 ).  Values  of  x\y  in  G40H-PtxRuy/C  are  indicated  in  the  figure.  The  inset 
shows  the  low  voltage  region. 
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Potential  (V  vs.  RHE) 


Fig.  12.  Current  density  (mAmg-1-Pt)  vs.  potential  for  methanol  electro-oxidation 
by  various  PtRu/C  catalysts,  all  with  nominal  50:50  mole%  Pt:Ru  (from  CV  in  0.5  M 
H2SO4  +  0.5  M  MeOH,  sweep  rate  20  mV s_1 ). 

the  current  density  at  0.3  V  vs.  RHE,  normalized  by  Pt  mass  (Table  3) 
as  the  basis  for  comparing  the  onset  of  MeOH  oxidation  by  different 
catalysts. 

Fig.  1 1  shows  the  cathodic  polarization  portions  of  the  CV  curves 
for  MeOH  oxidation  by  G40H-PtxRuy/C  catalysts,  and  Table  3 
presents  average  current  densities  at  0.30  and  0.70  V.  These  data 
indicate  that  the  catalytic  activity,  per  unit  mass  of  Pt,  increases  sig¬ 
nificantly  with  Ru  content  and  is  greatest  for  the  G4OH-Pt20Ru20/C 
catalyst.  Although  we  do  not  know  if  x=y  is  optimal  for  maximum 
activity  of  G40H-PtxRuy/C  catalysts,  it  would  be  consistent  with 
the  optimal  1:1  Pt:Ru  ratio  found  in  previous  studies  [47]  and  com¬ 
mercial  PtRu  catalysts.  Also,  using  the  current  density  at  0.30  V  as 
an  indicator  for  the  onset  of  MeOH  oxidation,  the  G4OH-Pt20Ru20/C 
catalyst  has  the  highest  value  and  thus  the  earliest  onset  for  MeOH 
oxidation. 

Finally,  we  compare  the  performance  of  the  G40H-Pt2oRu20/C 
catalyst  with  a  commercial  PtRu/C  catalyst  (E-Tek,  Inc.)  as  well 
as  Pt20Ru20/C  catalyst  prepared  identically  except  with  G40H 
omitted  from  the  recipe  (Fig.  12,  Table  3).  Clearly  the  Pt20Ru 20/C 
catalyst  prepared  without  G40H  has  very  low  catalytic  activity 
for  MeOH  oxidation.  This  demonstrates  that  the  presence  of  the 
G40H  dendrimer  in  the  recipe  is  critical  to  the  formation  of  small 
PtRu  nanoparticles  with  narrow  particle  size  distribution,  con¬ 
trolled  composition,  and  high  catalytic  activity.  Comparing  the 
G4OH-Pt20Ru20/C  catalyst  with  the  commercial  E-Tek  catalyst, 
MeOH  oxidation  activity  of  the  G40H-Pt2oRu2o/C  catalyst  is  more 
than  60%  higher  than  that  of  the  E-Tek  catalyst  at  a  potential 
of  0.70  V  (vs.  RHE).  Moreover,  the  G4OH-Pt20Ru20/C  catalyst  has 
higher  activity  at  a  potential  of  0.30  V,  suggesting  earlier  onset  of 
MeOH  oxidation  during  cathodic  polarization. 

4.  Conclusions 

This  work  has  shown  that  PAMAM-based  bimetallic 
G40H-(Pt2+)x(Ru3+)y  complexes  can  be  used  as  precursors  to 
produce  carbon-supported  PtRu  catalysts  with  controlled  particle 
size  and  composition,  and  that  these  catalysts  are  active  for 
methanol  electro-oxidation.  Catalyst  synthesis  begins  with  the 
formation  of  G40H-(Pt2+)x(Ru3+)y  complexes  in  aqueous  solution. 
Sequential  complexation  of  Pt2+  followed  by  Ru3+  works  well 
because  of  the  strong  ligand  exchange  reaction  between  the  Pt2+ 
precursor  and  PAMAM’s  nitrogen  atoms.  The  resulting  Pt-N  bonds 
are  strong  and  can  withstand  pH  changes  and  possible  displace¬ 
ment  by  Ru3+  precursor.  The  UV-vis  spectra  can  be  used  to  follow 


the  complexation  process  and  show  that  sequential  complexation 
produces  an  aqueous,  bimetallic  complex  of  Pt2+  and  Ru3+  with 
G40H  dendrimer. 

Catalysts  were  prepared  by  impregnation  of  Vulcan  XC-72  car¬ 
bon  black  with  G40H-(Pt2+)x(Ru3+)y  complex  solution,  followed 
by  drying  and  activation  in  H2  gas  at  elevated  temperatures.  We 
systematically  investigated  the  effect  of  varying  activation  temper¬ 
ature  and  Pt:Ru  ratio  on  the  physical,  chemical,  and  electrocatalytic 
properties  of  the  G40H-PtxRuy/C  materials.  Activation  in  H2  at  ele¬ 
vated  temperature  results  in  PAMAM  decomposition,  reduction  of 
the  metal  valence,  and  formation  of  bimetallic  PtRu  alloy  crystal¬ 
lites.  If  the  activation  temperature  is  too  low,  incomplete  PAMAM 
decomposition  leads  to  reduced  catalytic  activity.  If  the  activation 
temperature  is  too  high,  metal  particle  sintering  may  occur.  In  this 
study,  activation  at  400  °C  was  found  to  be  optimal. 

We  also  varied  the  Ru  content  from  0  to  50  mol%.  In  all  cases, 
lattice  parameter  values  from  XRD  indicate  the  formation  of  Pt-Ru 
alloys,  a  finding  consistent  with  many  previous  studies  employ¬ 
ing  other  synthesis  routes  [2,3,6,8,13,14,38,43,44,47,57,64,66-68]. 
We  found  that  the  50  mol%  Ru  catalyst  gave  the  best  performance 
for  methanol  electro-oxidation.  We  cannot  rule  out  the  possibility 
that  somewhat  higher  Ru  content  might  give  better  performance, 
although  previous  work  has  found  that  50  mol%  Ru  is  optimal. 

The  main  conclusion  of  this  work  is  that  use  of  PAMAM  G40H 
in  the  synthesis  recipe  leads  to  small  metal  particle  size,  hinders 
particle  sintering  during  activation  at  high  temperature  in  H2,  and 
promotes  the  formation  of  highly  disperse,  bimetallic  Pt-Ru  parti¬ 
cles.  Omitting  G40H  from  the  recipe  gave  much  larger  Pt-Ru  alloy 
particles  with  very  low  catalytic  activity.  The  results  also  suggest 
that  PAMAM  G40H  affords  fine  control  over  the  composition  of 
Pt-Ru  catalysts.  This  method  might  be  extended  to  explore  the 
efficacy  of  other  promoters  besides  Ru.  Thus  PAMAM-mediated 
synthesis  might  provide  a  useful  route  to  highly  active  catalysts 
for  methanol  electro-oxidation  with  lower  precious  metal  content. 
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